Starch phosphate ester content is known to alter the physicochemical properties of starch, including its susceptibility to degradation. Previous work producing wheat (Triticum aestivum) with down-regulated glucan, water dikinase, the primary gene responsible for addition of phosphate groups to starch, in a grain-specific manner found unexpected phenotypic alteration in grain and growth. Here, we report on further characterization of these lines focussing on mature grain and early growth. We find that coleoptile length has been increased in these transgenic lines independently of grain size increases. No changes in starch degradation rates during germination could be identified, or any major alteration in soluble sugar levels that may explain the coleoptile growth modification. We identify some alteration in hormones in the tissues in question. Mature grain size is examined, as is Hardness Index and starch conformation. We find no evidence that the increased growth of coleoptiles in these lines is connected to starch conformation or degradation or soluble sugar content and suggest these findings provide a novel means of increasing coleoptile growth and early seedling establishment in cereal crop species.
Introduction
Starch, composed of chains of glucose residues, is a crystalline complex produced to allow the storing of energy. Starches in plants can be differentiated on the basis of their location and purpose. Reserve starch predominantly accumulates in organs such as tubers or grains where starch is stored until required to fuel seedling growth. Transitory starch accumulates in chloroplasts during the day and is hydrolysed at night (Ball and Morell, 2003) .
Studies of transitory starch degradation in dicotyledons demonstrate that phosphorylation of starch plays a crucial role in initiating degradation of the starch granule. Phosphate groups decrease local order within the starch granule, facilitating the access of starch degrading enzymes, and reduce the starch viscosity (Vikso-Nielsen et al., 2001) .
The phosphate content of starch varies in different plant species. Potato (Solanum tuberosum L.) tuber starch has a relatively high phosphate level (8-33 nmol/mg), while cereal endosperm starches are much lower (% 1 nmol/mg) (Baunsgaard et al., 2005; Blennow et al., 2000) . Leaf starch phosphate content is typically lower than that of tubers (Smith et al., 2005; Zeeman et al., 2007) . Variation in phosphate content also occurs between starch types, with amylopectin (highly branched starch fraction) having a higher phosphate content than amylose (linear chain fraction) (Blennow et al., 2002) . Amylopectin chain length is also positively correlated with phosphate content (Blennow et al., 1998; Ral et al., 2008) .
Glucan, water dikinase (GWD; EC 2.7.9.4) and its sister enzyme phosphoglucan, water dikinase (PWD; EC 2.7.9.5), are responsible for the phosphorylation of starch during synthesis. These dikinases phosphorylate C6 and C3 residues of a-D-glucan chains, respectively, with PWD activity dependant on that of GWD (Baunsgaard et al., 2005; Kotting et al., 2005) . Studies examining the importance of GWD have been performed in multiple plant species. The starch excess 1 (sex1) mutant in Arabidopsis (Arabidopsis thaliana L.), which is deficient in GWD, exhibits a leaf starch-excess phenotype whilst maintaining degradative enzyme content (Caspar et al., 1991) ; these lines accumulate starch in light conditions but cannot effectively degrade it at night, leading to a dwarf phenotype. Transgenic potatoes expressing an antisense GWD transcript lead to a similar leaf starch-excess phenotype (Lorberth et al., 1998) , and in tuberspecific transgenic lines, this leads to a reduction in tuber size and an increase in tuber numbers (Vikso-Nielsen et al., 2001) . Tomato (Solanum lycopersicum L.) plants deficient in GWD exhibit a pollen integrity disruption, associated with a pollen starch excess (Nashilevitz et al., 2009) . Similar fertility effects were seen in a study of Lotus japonicus L. GWD mutants (Vriet et al., 2010) . Constitutive expression of a GWD RNAi construct in maize (Zea mays L.) or rice (Oryza sativa L.) reduced the endogenous GWD expression and produced a leaf starch excess with no associated Please cite this article as: Bowerman, A.F., Newberry, M., Dielen, A.-S., Whan, A., Larroque, O., Pritchard, J., Gubler, F., Howitt, C.A., Pogson, B.J., Morell, M.K. and Ral J.-P. (2015) Suppression of glucan, water dikinase in the endosperm alters wheat grain properties, germination and coleoptile growth. Plant Biotechnol. J., doi: 10.1111/pbi.12394 biomass or growth rate reduction (Hirose et al., 2013; Weise et al., 2012) . However, while there is strong evidence for the importance of GWD in transient (leaf) starch metabolism, there is as yet no strong evidence for its importance in storage starch synthesis.
Previously, we have produced transgenic wheat (Triticum aestivum L.) lines with reduced GWD using RNAi targeted to the endosperm only . This resulted in a significant reduction in both GWD protein abundance and starch phosphate content. These wheat lines also exhibit unexpected increases in grain size, early vigour and plant biomass. Additionally, the transgenic mature grain contained an increase in a-amylase (EC 3.2.1.1) activity; similarly, a-amylase activity increased with GWD loss in the sex1 lines in Arabidopsis leaf material (Caspar et al., 1991) . a-Amylase is thought to initiate starch degradation in cereal endosperm (Smith et al., 2005) . The process by which the grain-specific down-regulation of GWD has resulted in enhanced plant biomass and grain weight is agronomically important but mechanistically unclear. In this respect, the grain size phenotype associated with the high a-amylase level, along with early vigour, indicates the need to examine the germination processes in these lines.
In this study, we examine the effect of down-regulating GWD during grain formation and maturation on grain characteristics and subsequent coleoptile growth. We characterize grain morphology changes and compare endosperm starch structure. Starch degradation, a-amylase activity and soluble sugar evolution are described, as are hormonal differences in mature grain and young plant material. We propose that endosperm starch phosphate content affects coleoptile growth in an as yet undescribed manner in cereals without necessarily altering starch degradation rates.
Results

Grain size characterization
To better understand grain size changes in these lines, grain length, width and area were measured. Transgenic grains were slightly longer and wider than their respective controls, producing an increased apparent area of between 5.4% and 6.5% (Table 1 ). All three measures are considered statistically significant.
One hundred grain weight increased by 9.4%-13.4% in the transgenic lines compared to the controls (Table 1) . Grain weight was affected significantly by both the presence of the transgene (P < 0.001) and the different transgenic events (P < 0.01).
Hardness index
Given modification of grain size and potential starch characteristics have been altered; grain hardness was measured. Singlekernel characterization system (SKCS) analysis of transgenic and control lines revealed a 9%-12.5% reduction in HI for the transgenic lines (Table 1) . Control lines range between 68 and 71, considered to be in the hard HI range, but transgenic lines were around 62, falling within the medium-hard HI category (Tilley et al., 2012) . HI was found to be significantly altered by transgene presence.
Starch content and conformation
As 100 grain weight has been altered, grain starch content was analysed on a per grain basis. While not statistically significant, a small increase in starch content was found in the transgenic lines compared to the controls (Table 1 ). All mean values were between 57.8% and 59.6% grain weight.
To determine starch characteristics, starch chain length and bamylolysis (branching) analysis was performed using capillary electrophoresis. There was a slight increase in the proportion of shorter amylopectin chains (8-18 degrees polymerization, DP) compared to the controls, and a corresponding decrease in large chain lengths (Fig. 1 ). An increase in proportion of short interbranching distances in the b-amylolysis analysis was observed (Fig. 2) . Difference plots (Fig. 2b) indicate that very short branch distances (especially between DP 4 and 10) increased in molar proportion up to 1.2%.
Inorganic phosphate content
To determine whether the reduction in starch phosphate content alters other pools of phosphate, inorganic phosphate (Pi) content was measured. Rather than an increase in Pi being apparent in transgenic lines, which may be expected as a result of a reduction in starch phosphate content, a reduction (7%-28%) in Pi was detected compared to controls (P < 0.05 for transgene presence; Fig. S1 ).
Initial leaf and coleoptile growth of 5-and 10-day seedlings
To investigate early plant growth changes, both coleoptile and first leaf length were measured at 5-and 10-day imbibing. No differences in first leaf or coleoptile length were observed between the transgenic and control lines at the 5-day time point, but at 10 days, the coleoptiles were significantly longer (8.4%-9.2%) in transgenic lines compared to controls (Fig. 3) . First leaf Table 1 Grain size, hardness index and starch content results. All results are reported as mean value AE 95% confidence interval, except starch, which are mean value AE standard errors (n = 300). Nested ANOVA (Trait~Transgene/Event) reported below results, ***P < 0.001, **P < 0.01. length at 10-day imbibing showed no significant differences between the lines.
Grain weight, transgene presence and coleoptile length
Individual grain weights for each line were compared and found to be non-normal in distribution (Fig. 4) . Expectation-maximization modelling found that weight distributions most closely resembled bimodal profiles, with transgenic lines appearing to have a larger lower distribution median weight than controls; the grain weight increase in these lines appears to be from an increase in the size of the smaller grains. Both grain weight and transgene presence independently alter the coleoptile growth of these lines (Fig. 5) . Grain weight was associated with an increase in maximal coleoptile length of 0.4 mm/mg grain weight, and the transgene was associated with an increase of 9.6 mm in the positive lines compared to controls, both highly significant effects from the model (Table S1 ). Transgenic event was found to have no statistically significant effect on coleoptile growth levels.
Starch in vivo degradation, a-amylase content and sugar development
To understand potential causes of coleoptile growth increase in the transgenic lines, grain starch content was measured from 1 to 5 days of imbibing. Consistent with the previous mature grain starch content, transgenic lines have a small increase in starch content compared to controls at early time points, which reduces with time (Fig. 6) . Modelling of decay profiles found no significant differences in degradation rates of these lines (Table S2) .
Prior to imbibition (Day 0), a-amylase activity was increased in one transgenic line and decreased in the other compared to their respective controls (Table 2) . Total a-amylase activity increased in all lines during germination. However, there was a trend of reduced a-amylase activity in the transgenic lines compared to controls, with the decrease significant at 1-and 5-day imbibing.
Analysis of simple soluble sugars produced from starch degradation and in the coleoptile revealed few differences in any of the tissues examined. Endosperm samples from 1-dayimbibed grain showed a statistically significant decrease of soluble maltose (38%-57%) in transgenics compared to controls ( Fig. 7 ; Table S3 ). Postdigestion with a-amylase and amyloglucosidase of these samples demonstrated a decrease in total glucose (10%-15%) evolved in transgenic lines, but this was not the case when initial glucose was subtracted from these figures (i.e. soluble complex glucan content). No other significant changes could be found in either 3-or 5-day postimbibed endosperm samples, with the exception of total sucrose content (postdigestion) at 3 days, which had a small increase in only the G4.7P line compared to its control.
Embryo sugar levels ( Fig. 8 ) measured at 1, 3 and 5 days of imbibing revealed a reduction in soluble glucose at 1 day imbibing (approximately 27%), and at 3-day imbibing, the levels of maltose were significantly reduced (12%-50%). No other changes were identified.
Coleoptile sugar content measured in 5-day postimbibed shoots detected only two sugars, glucose and fructose; of these, glucose was unchanged, while fructose was reduced in the transgenic lines compared to controls (5%-6%, Fig. 7 ).
Hormone analysis
Abscisic acid (ABA), cytokinins, auxins and gibberellins (GA) were measured in this study in both mature embryos and de- embryonated grains, and in whole plants at 5-day imbibing ( Fig. 9 ; Table S4 ). Transgenic embryos had increased phaseic acid (40%-50%, an ABA metabolite) and IAA-aspartic acid conjugate (134%-161%; auxin metabolite) and decreased GA 53 (10%-34%, gibberellin precursor) compared to controls. Grain trans-ABA levels were increased in transgenics (20%-50%; nonbioactive abscisic acid), as were GA 19 levels (20%-30%, gibberellin precursor). Whole-plant cis-zeatin riboside levels were increased (16%; cis-zeatin precursor with some known bioactivity), while IAA levels were reduced (28%-31%; bioactive auxin) along with GA 1 levels (21%-45%, bioactive gibberellin).
Discussion
Grain characterization
The reduction in GWD expression in grain during development induced large changes in grain size and weight in the lines we examined. One hundred grain weight and measures of grain size were increased significantly. The grain size increases in transgenic lines found here can be attributed to an increase in median weight of the smaller fraction of grains; essentially, the grain weight distribution is narrower in the transgenic lines than controls, increasing average grain weight.
Given the large proportion of grain weight attributable to starch, the increase in grain weight and dimensions found here would be expected to be related to an increase of starch content. However, the small increase in grain starch proportion found in this study does not explain the grain weight increases in the transgenic lines. Such a connection has previously been found in starch synthase or branching enzyme-deficient cereals, with lowered starch content relating to a grain weight reduction (Konik-Rose et al., 2007; Regina et al., 2010) . However, reduced starch content is not always associated with grain weight reduction (Sestili et al., 2010) . Additionally, these studies all examine attenuated starch biosynthesis. Increasing grain size has previously been related to increasing available glucans for starch synthesis via mechanisms such as sucrose synthase (Jiang et al., 2011) . Table S1 . Both transgene presence and grain weight are highly significant factors (P < 0.001).
Figure 3
Initial coleoptile and first leaf growth comparisons. Boxplots of 21 plants at 5-and 10-day imbibing indicating coleoptile and first leaf lengths. Only coleoptiles at 10 days of imbibing show a statistically significant modification using nested ANOVA, with transgene presence being highly significant (P < 0.001).
Although starch content of mature grain has not been greatly influenced, starch conformation has been altered, with a pattern of increased short interbranching distances determined using bamylolysis. Starch chain length has also been altered to a smaller extent, indicating an increase in short-chain molar proportion in the transgenic lines. Linkage between starch phosphate content and branching has previously been identified, with GWD preferring branched amylopectin as a substrate compared to linear amylose (Mikkelsen et al., 2004) . Additionally, removal of branching enzymes has been found to increase starch phosphate content in a number of species Jobling et al., 1999; Regina et al., 2012; Schwall et al., 2000) . Recently, work examining GWD-deficient Arabidopsis lines found that the peripheral glucan chains of transient starch granules were shorter in these lines than in controls, reducing their effectiveness as substrates for starch synthesis (Mahlow et al., 2014) . This supports the idea that GWD is required for normal starch synthesis, at least in transient starches, and further indicates the role of granule surface solubility in altering starch metabolism rates (Skeffington et al., 2014) .
As grain size has previously been related to changes in grain hardness (though with varying results), HI was determined in the light of the grain size modification of the reduced GWD lines (Pasha et al., 2010; Williams et al., 1987) . HI is used as a means to grade grain into quality levels; different HI levels are used for different end products, and high HI wheats are typically of higher value to farmers (Pasha et al., 2010) . High HI wheats are best suited to making yeast-leavened pan breads, while soft wheats are best suited to biscuits, cakes, pastries and flat breads (Morris and Rose, 1996) . SKCS analysis indicated a reduction in HI in the transgenic lines compared to controls, which placed the transgenic lines into the medium-hard category, while the control lines were classified as hard.
The modifications in grain HI values found in this study do not suggest that modification of HI is due to grain size increases. In fact, plotting individual grain weight and diameter against HI in this data set shows a general trend of smaller grain having higher HI, but with no strong relationships (Fig. S2) .
Generally, hardness is linked to purindolines and grain softness protein found in the hardness loci (Chantret et al., 2005; Pasha et al., 2010) . Together, these proteins form the friabilin complex, known to reduce HI in wheats (Bhave and Morris, 2008a,b) . Further work examining materials with modified starch phosphate content and starch conformation is required to determine how these changes may alter grain hardness characteristics, and whether they are related to these conventional hardness traits.
Coleoptile length has increased
Coleoptile length in cereals is an important trait with respect to establishment and development of the young plant. Lines with short coleoptiles require sowing at shallow depths and can have difficulty establishing in field circumstances with a low tillage land practice (Rebetzke et al., 2005) . This can lead to a reduction in seedling numbers and a reduction in biomass. Coleoptile length has long been associated with increased seedling numbers under deep sowing conditions (Hadjichristodoulou et al., 1977) . This is extremely important in cropping enterprises, especially in areas with low rainfall around sowing times, a common issue for farmers in water-limited environments. These conditions often lead to farmers sowing deeply to allow grain access to subsurface moisture and can lead to a decrease in seedling emergence and a reduction in overall yield, especially in lines with short coleoptiles (Matsui et al., 2002) . Lines exhibiting increased coleoptile length are also known to have improved grain yield under such conditions (Rebetzke et al., 2007) . Given that coleoptile length plays such an important role in early plant establishment and vigour, it is understandable that efforts have been made to better understand the processes which influence its final length. Coleoptile length is known to be affected in several different ways; grain weight has long been known to positively influence coleoptile length in wheat and other crop species, for example barley (Hordeum vulgare L.) (Cornish and Hindmarsh, 1988; Nedel et al., 1996) . High seed protein levels are also known to positively alter coleoptile length (Nedel et al., 1996) . De Marco (1990) demonstrated that total grain phosphorus content (as opposed to the relatively small pool of phosphate found bound to starch) was positively associated with emergence and shoot growth rates. Thus, it is possible that if a reduction in starch phosphate content leads to an increase in soluble grain phosphate content, the observation of De Marco may explain the enhanced coleoptile growth observed in this study. However, analysis of the pool of Pi in the grain revealed no change or a slight decrease in the transgenic lines (Table S1 ), suggesting other factors than Pi content are involved, and further work is required to understand the mechanism underlying the enhanced coleoptile growth observed in this study. Coleoptile growth is also altered by environmental factors such as soil moisture and temperature, and by dwarfing genes such as the gibberellin-insensitive reduced height (Rht)-B1b or Rht-D1b alleles (Allan, 1989; Krenzer et al., 1991; Radford, 1987; Rebetzke et al., 2001 ). However, comparison of coleoptile growth to starch characteristics has not been widely performed.
Using an even distribution of grain weights selected across the grain weight distribution, we modelled the relative effects of grain weight and transgene presence (along with transgenic event) on the coleoptile growth potential (Fig. 5) . This approach prevented any potential grain weight bias that may have occurred when comparing grain with such different grain weight distributions.
Our work has confirmed that grain weight plays a major role in determining coleoptile length in these transgenic and control lines. However, the GWD RNAi transgene was associated with an increase in coleoptile length compared to controls, independent of grain weight changes. These results indicate that endosperm starch structural characteristics are of importance to development of establishing seedlings in combination with grain size.
Recently, barley lines with reduced SBE or hyperphosphorylated starch were examined for root and shoot growth potential and starch degradation (Shaik et al., 2014) . The SBE RNAi lines had a reduced reallocation of grain biomass to shoots and roots, but no Table S3 . Dig, digested; Sol, soluble. (b) Coleoptile sugar levels at 5-day imbibing. Mean sugar concentration with error bars indicating standard errors. Control and transgenic lines indicated by 'N' and 'P', respectively. Significant differences for transgene presence indicated by * or P value from nested ANOVA. *P < 0.05, nested ANOVA for endosperm day 3 dig sucrose indicated that transgenic event had an effect on sucrose (P = 0.0508).
Figure 8
Embryo sugar levels at 1, 3 and 5 days of imbibing (D1, D3 and D5, respectively). Mean sugar concentration with error bars indicating standard errors. Control and transgenic lines indicated by 'N' and 'P', respectively. Significant differences for transgene presence indicated by * or by P value from nested ANOVA indicated; D1 Glu has a significant effect for transgenic event (P < 0.05). *P < 0.05. Fru, fructose; Glu, glucose; Mal, maltose; Suc, sucrose. The SBE RNAi line also demonstrated a reduced starch degradation rate and a 2.2-fold increase in GWD expression (Carciofi et al., 2012) .
Previous work relating starch structure to coleoptile length examined a starch branching enzyme (SBE) isoform 1 (SBEI) null in maize (Xia et al., 2011) . This loss of SBEI led to an altered branching (a-1,6 glycosidic bonds) pattern of endosperm starch and an increase in starch degradation resistance in vitro. Further, they found that there was a small decrease in the rate of starch degradation during germination of these lines, and it was reasoned to be responsible for the shorter coleoptiles found in these plants. This starch degradation rate change was thought to be due to alteration of amylopectin branching pattern, with branches being more closely associated with each other and inhibiting availability of starch to degradative enzymes. Xia et al. (2011) also mention the possibility of such a change in their SBE1 maize null lines and postulate that such changes may alter the availability of starch to b-and a-amylases. This is also important given the branching modification found in this study. However, previous work in Arabidopsis and other species demonstrated that reduced phosphate content starches resist, rather than encourage degradation (Caspar et al., 1991; Lorberth et al., 1998; Yu et al., 2001) .
Starch in vivo degradation is unchanged
Given this previous evidence of starch degradation resistance with reduced phosphate content, we investigated the starch degradation rates in our transgenic lines.
No changes in starch degradation rates are seen in this study; the only differences in starch content found during germination were due to the small initial increase in mature grain (Fig. 6) . If a similar situation to that found in Xia et al. (2011) was a factor in this study, it would be expected that starch degradation rates should increase. This is possibly as a result of the different starch degradation pattern in cereals compared to leaf and tuber starches, or because GWD content has been reduced considerably, but not entirely, in these lines, with minimal phosphorylation enabling degradation to continue Zeeman et al., 2010) . Indeed, the phenotype described previously was only apparent in those transgenics with over 70% GWD reduction (Skeffington et al., 2014) . The short chain length of amylopectin in cereals may provide a poor substrate for GWD activity, and as such, starch phosphate content is naturally low in cereal endosperm (Ritte et al., 2000) . This has led to suggestions that starch phosphate may be of less importance in cereal endosperm starch degradation, along with the fact that the main starch hydrolysing enzymes produced in germination are less reliant upon phosphates to allow activity Zeeman et al., 2010) .
The unchanged starch degradation rate in this study is interesting given that a-amylase levels of the transgenic lines are also lower postgermination than those of the control lines. Control of a-amylase expression in the aleurone layer is induced by gibberellins from the scutellum, which are produced postimbibing, and in response to low sugar levels (Sun and Gubler, 2004; Yu et al., 1996) . The lack of a starch degradation rate change in response to the lowered a-amylase activity in transgenic lines compared to controls suggests that a-amylase is produced to excessive levels during germination and that the reduction found here is not significant enough to alter starch degradation levels.
Hormone levels
Few significant changes in hormone levels were identified in this study. Mature transgenic embryos contained increased levels of the ABA metabolite phaseic acid. This form of ABA is known to have a small inhibitory affect on germination rates, but at only approximately 5% that of ABA (Dashek et al., 1979) . Given the relative abundance of ABA compared to phaseic acid in the embryos, even though phaseic acid levels were increased by approximately 50%, this is unlikely to be of relevance to the germination rate delay found in our previous work .
Whole-plant (root, seed and shoot) hormone levels measured at 5-day imbibing indicate that transgenic lines have reduced indole-3-acetic acid (IAA, an auxin) and gibberellin (GA 1 ) levels. Being vital for the induction of a-amylase expression in the aleurone, the reduction in GA content could be correlated with the reduced a-amylase activity measured in these lines during Figure 9 Hormone levels of dry grain and embryo, and 5-day postimbibed plants. Mean hormone concentration, with error bars indicating standard errors. Control and transgenic lines indicated by 'N' and 'P', respectively. Significant differences for transgene presence indicated by * or by P value from nested ANOVA indicated. Plant GA 1 nested ANOVA results indicated a significant effect of transgenic event on results (P < 0.05). *P < 0.05, **P < 0.01, ***P < 0.005. GA53, GA 53 ; PA, phaseic acid; GA19, GA 19 ; t.ABA, trans-ABA; c.ZR, cis-zeatin riboside; GA1, GA 1 ; IAA, indole-3-acetic acid. germination (Sun and Gubler, 2004) . Reduction in GA content in reduced GWD plants has previously been described, specifically at the end of night in leaf tissue (Paparelli et al., 2013) . This previous report also indicated that the reduced growth phenotype of sex1 Arabidopsis lines could be reversed by application of GAs. However, this is the first report of such a reduction in cereals with reduced GWD content.
Additionally, cis-zeatin riboside production has increased in the transgenic lines compared to controls, while no other zeatin forms have been altered. This form of zeatin is produced in the cytosol of cells, and almost exclusively from dimethylallyl pyrophosphate from the mevalonate pathway (Bick and Lange, 2003; Sakakibara, 2010) . This cis-zeatin change with no trans-zeatin increase could suggest a change in the mevalonate pathway. The mechanism for such a change is not yet apparent in these lines. While the cis-zeatin riboside is not generally considered bioactive, it is thought to have a level of signalling capacity (Gajdo sov a et al., 2011). Further work examining the role of starch phosphates in cereal endosperm is required to identify the mechanism by which these changes have occurred.
Conclusion
Where previous work links reduced starch degradation (due to loss of SBE) to shorter coleoptile length, here we describe a situation where reduction in GWD expression in wheat grain during development has greatly increased potential coleoptile growth capacity.
Rather than a gross starch degradation alteration being responsible for coleoptile growth changes, we suggest that phosphate content of starch may be the important factor at work. Reduction in starch phosphate content has not reduced starch content or degradation rates in the lines examined here nor has it increased it. Availability of sugars for the developing plant has not altered greatly nor has the glucose content of the coleoptile. Here, we suggest that cereal endosperm starch phosphate content modification alters grain hormone content and early growth and establishment characteristics through an unknown mechanism. We also find that such alterations affect grain size and hardness characteristics which are important from a grain quality perspective. Further work is required to link the grain, growth, starch structure and hormonal phenotypes with reduced starch phosphate content; however, the control of starch phosphate content in cereal storage starch may provide a novel means to improve the early growth and establishment of wheat seedlings.
Experimental procedures
Wheat lines, growth conditions and initial coleoptile length comparisons Transgenic wheat lines were previously produced with reduced GWD transcript levels . Briefly, these lines were produced by biolistic transformation of immature wheat embryos with a construct containing an inverted repeat targeting GWD (for description of biolistics, please see Pellegrineschi et al., 2002) . Two independent transformation events producing a positive and negative segregant line each are used in this study (lines are assigned a P or N for positive and negative lines, respectively). All grain used was collected from glasshouse grown material, handthreshed and after ripened at 37°C (for 3 weeks), and stored at room temperature prior to use.
Coleoptile measurement was performed in a compost-based potting mix in wooden trays (approx. 600 9 300 9 75 mm) watered to capacity. Grains were arranged in a 7 9 15 array (total 105) using 21 grains per line and sown to a depth of 20 mm. Trays were placed in 4 layers of black plastic bags to exclude light and placed in a temperature-controlled room at 20°C. Plants were removed from soil and coleoptile and leaf length measured after 5 or 10 days.
Grain size characterization
Approximately 450-500 grains from each line were scattered on an Epson Perfection V370 Photo A4 scanner and scanned at 300dpi as .jpeg files. These files were used to measure grain apparent surface area, perimeter, length and width using CSIRO GrainScan software (Whan et al., 2014) . This software uses automated image recognition to identify individual grains, providing the measurement for each grain in an image file.
One hundred grains for each line were counted in five replicates per line and weighed using an analytical balance. Seed count was performed using a Contador seed counter ( Pfeuffer GmbH, Kitzingen, Germany).
Hardness Index measurement
Grains were assayed for Hardness Index (HI), a measure of the endosperm texture in wheat (Pasha et al., 2010) . HI influences milling, dough production and baking properties of grain. A high HI number indicates a hard wheat (around 75), while a low number indicates a soft wheat (around 25) (Osborne and Anderssen, 2003) . HI was measured using the single-kernel characterization system (SKCS) according to AACC Method 55-31 (AACC International, 2000; Martin et al., 1993) . Three hundred grains from each line were sampled and processed by the SKCS 4100 unit (Perten Instruments, Springfield, IL), providing HI and moisture (by conductance).
Starch content, chain length and branching characterization
Starch content was measured using the Megazyme Total Starch kit (Megazyme International, Bray, Ireland) . Briefly, 10 grains were ground to a fine powder using a Wig-L-Bug MSD mixer (DENTSPLY RINN, Addlestone, UK), and 10 mg material accurately weighed and recorded, along with a maize starch standard as control. All samples were measured in triplicate biological/ duplicate technical replicates. Soluble sugars were removed from the samples prior to soluble starch measurement by washing twice with 80% (v/v) ethanol and then water at 80°C, centrifuging and discarding supernatant. Samples were measured using a 96-well Multiskan Spectrum spectrophotometer ( Thermo Electric Corporation, Finland).
Capillary electrophoresis/fluorophore-assisted carbohydrate electrophoresis (FACE) was used to measure starch chain length and interbranching distances using the method of Regina et al. (2012) .
Soluble inorganic phosphate content
Inorganic phosphate was extracted from wholemeal flour produced using a Wig-L-Bug MSD mixer (DENTSPLY RINN) and using the method of Nanamori et al. (2004) . Measurement of Pi was performed on neutralized extracts using the method of Tedokon et al. (1992) , with modifications. Glucose 1,6-bisphosphate, bovine serum antigen and 6-phosphogluconic dehydrogenase were not used in the reactions, and a NADP-dependent glucose 6-phosphate dehydrogenase (Roche, BASEL, Switzerland) was used in place of a NAD-dependent version. Measurement was performed at 340 nm in a cuvette spectrophotometer and compared to a standard curve.
In vivo starch degradation rate
Grains were germinated in total dark at 20°C in triplicate Petri dishes of 20 grains, one set per time point to be examined. Plates had two layers of Whatman Grade 1, 8.5-cm circles (GE Healthcare, Amersham, UK) and 5 mL deionized water added. At appropriate time points, the grains were collected and embryo/ shoots removed. Grains were frozen in liquid nitrogen, ground to a fine powder and freeze-dried. Starch content of grain was then measured using the method above. Soluble sugars removed during this process were reserved for analysis, below.
Starch degradation was analysed using nonlinear least square modelling taking the form of Starch = a À e b 9 Day , where a is initial starch content, b is rate of starch decay coefficient, and Day is days imbibed.
Soluble sugar measurement
Sugars were measured in embryo and endosperm material from 1, 3 and 5 days postimbibitions (DPI), and from 5 DPI shoot material. Embryo material was collected from the same material used in the in vivo starch degradation assay above; shoots were grown in soil as described above. Material was freeze-dried, ground to a fine powder and 10 mg accurately weighed and recorded. Sugars were extracted from endosperm during the initial stage of starch measurement above; other materials were subjected to the same process for soluble sugar extraction. Samples were freeze-dried and resuspended in sodium acetate/ calcium chloride buffer; aliquots of endosperm extracts were treated with a-amylase and amyloglucosidase (Megazyme International) to hydrolyse soluble oligosaccharides. Measurement of sugars in initial extract and digested fractions was performed using a Waters e2695 HPLC, Waters 2465 electrochemical detector (Waters Corporation) and Dionex carboPac PA100 or PA10 columns (Dionex).
a-amylase activity during germination a-Amylase was measured using the Ceralpha alpha-amylase assay (Megazyme International) following the manufacturer's instructions. Protein concentration was measured using Bio-Rad Bradford Protein Assay (Bio-Rad), and results were presented as Ceralpha units per milligram of extractable protein, rather on a weight basis.
Comparison of grain weight and coleoptile length
To separate the effect of increased average grain size from transgene effect on coleoptile length, comparison of grain weight and maximal or 10-day coleoptile growth was performed using an even distribution of grain weights selected from 96 individual grains. A linear model was produced using the formula Coleoptile length~Grain weight + Genotype/Event. This allowed coleoptile length to be compared to both grain weight and transgene presence, which was also nested for transgenic event.
Ninety-six grains from each line were weighed and results collated. Weights were plotted to show their distribution within lines and groups formed to allow selection of an even distribution of grain weights in the experiment. Three grains from each of the seven groups were selected at random and sown as above. Coleoptile and leaf length were determined as for previous experiment.
Grain weights were also analysed for normality using ShapiroWilk test, and weight distributions were modelled using expectation-maximization as unimodal and bimodal distributions (Shapiro and Wilk, 1965) . The most appropriate distributions were selected using Bayesian and Akaike information criteria and log likelihoods. This analysis was performed using the FLEXMIX package in R (Gruen and Leisch, 2008; R Core Team, 2013) .
Coleoptile length data points were analysed for outlier presence by comparing the studentized residuals of the model produced to the Bonferroni critical value (two-tailed); values that fell outside the bounds of this value were removed from the analysis and the model updated. The Bonferroni value was defined using a total number of samples of 78 (the number of grains that germinated), a probability of 95% and 78 degrees of freedom (as for the original linear model).
Hormone analysis
Hormones were measured in mature embryos, grain and in 5 days of postplanting whole shoots. Embryos were separated from mature grain using a scalpel and a Leica MS5 microscope. Both tissue sets were freeze-dried and ground into a fine powder. Material for hormone analysis of whole seedlings was similarly grown in soil as above, collected 5 days after sowing and immediately frozen in liquid nitrogen. Samples were then ground to a fine powder and freeze-dried. Hormone analysis was performed by the National Research Council Canada in the Aquatic and Crop Resource Development division, Saskatoon, Saskatchewan, Canada (www.nrc-cnrc.gc.ca). Analysis was performed using a UPLC/ESI-MS/MS with a Waters ACQUITY UPLC system (Waters Corporation) and Waters Micromass Quattro Premier XE quadrupole tandem mass spectrometer (Waters Corporation) via a Z-spray interface according to Chiwocha et al. (2003 Chiwocha et al. ( , 2005 . MassLynx and QuanLynx (Micromass, Manchester, UK) softwares were used for data recording and analysis.
General statistical analysis
Except where indicated, nested ANOVA was used to determine significance of effect of transgene presence nested with transgenic event (i.e. differences attributable to generation of transgenic lines), taking the form of Response~Transgene/Event.
Supporting information
Additional Supporting information may be found in the online version of this article: Figure S1 Inorganic phosphate (Pi) content of wholemeal flour measured in triplicate. Figure S2 Hardness Index (HI) compared to (a) grain weight and (b) grain diameter for all grain individual HI values. 
